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A longstanding mystery has been the absence
of cytoplasmic intermediate filaments (IFs) from
Drosophila despite their importance in other organ-
isms. In the course of characterizing the in vivo
expression and functions ofDrosophila Tropomyosin
(Tm) isoforms, we discovered an essential but un-
usual product of the Tm1 locus, Tm1-I/C, which re-
sembles an IF protein in some respects. Like IFs,
Tm1-I/C spontaneously forms filaments in vitro that
are intermediate in diameter between F-actin andmi-
crotubules. Like IFs but unlike canonical Tms, Tm1-I/
C contains N- and C-terminal low-complexity do-
mains flanking a central coiled coil. In vivo, Tm1-I/C
forms cytoplasmic filaments that do not associate
with F-actin or canonical Tms. Tm1-I/C is essential
for collective border cell migration, in epithelial cells
for proper cytoarchitecture, and in the germline for
the formation of germ plasm. These results suggest
that flies have evolved a distinctive type of cytoskel-
etal filament from Tm.INTRODUCTION
The cytoskeleton is composed of three filamentous networks
(Huber et al., 2015). Actin and tubulin are globular subunits that
require nucleotide triphosphates to polymerize, whereas inter-
mediate filaments (IFs) spontaneously form from proteins
composed of a central coiled-coil rod flanked by low-complexity
domains (Colakoglu and Brown, 2009; Herrmann et al., 1996;
Ko¨ster et al., 2015). IFs are so named because their diameters
are intermediate between F-actin (6-8 nm) and microtubules
(25 nm) (Fuchs and Cleveland, 1998).
Actins and tubulins are among the most highly conserved
proteins across animal phyla and are encoded by a handful of
genes. In contrast, IF genes are numerous—the human genome
codes for more than 65—and diverse (Fuchs and Cleveland,
1998). Although divergent in size and sequence, IFs possess a
common architecture: central rod domains flanked by N- and928 Cell Reports 16, 928–938, July 26, 2016 ª 2016 The Authors.
This is an open access article under the CC BY-NC-ND license (http://C-terminal tails. The rods mediate multimerization, whereas the
termini are important for end-to-end fibril assembly and side-
to-side interactions to form 10-nm filaments (Deek et al., 2013;
Guharoy et al., 2013).
The absence of recognizable cytoplasmic IFs in most arthro-
pods, including flies, despite their importance in most other
metazoan phyla is mysterious (Ausmees et al., 2003; Chung
et al., 2013; Herrmann andStrelkov, 2011). It has been suggested
that other types of proteins might perform crucial functions of IFs
(Herrmann and Strelkov, 2011; Mencarelli et al., 2011); however,
the identities of suchproteins, if they exist, are unknown.Reason-
able candidates would be proteins that possess similar domains.
Tropomyosins (Tms) are a large family of coiled-coil proteins
that regulate actomyosin network structure, stability, and func-
tion (Barua et al., 2014; Gunning et al., 2015). Vertebrate ge-
nomes encode more than 40 Tm isoforms. All Tms character-
ized to date form parallel coiled-coil dimers throughout their
length that polymerize end to end along actin filaments. The
Drosophila genome also codes for numerous Tm isoforms,
mostly uncharacterized.
While studying the expression and functions of Drosophila
Tm1 isoforms, we discovered a Tm1 product with more similar-
ities to IFs than to canonical Tms. Most fly Tm1 gene products,
as expected, are end-to-end coiled-coil proteins that co-localize
with F-actin in vivo. However, one product, Tm1-I/C, contains N-
andC-terminal intrinsically disordered, low-complexity domains.
In vitro, the full-length Tm1-I/C protein spontaneously forms 13-
to 16-nm-diameter filaments. In vivo, Tm1-I/C forms cytoplasmic
filaments that do not co-localize with canonical Tms or F-actin.
Loss-of-function studies show that Tm1-I/C is essential in border
cells for their collective migration, in epithelial cells for proper cy-
toarchitecture, and in the germline for the formation of germ
plasm. These results suggest that flies have evolved an essential
and distinctive type of cytoplasmic cytoskeletal filament inter-
mediate in diameter between F-actin and microtubules.RESULTS
Expression of Canonical and Non-canonical Tms
We found expression of three Drosophila Tm1 isoforms (Fig-
ure 1A) in the ovary. The fly Tm1 gene annotation predicts 17
mRNA isoforms and 13 distinct polypeptides (Figure S1A),creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Expression of Tm1 Isoforms in the Drosophila Ovary
(A) Exon map of the three Tm1 isoforms detected in follicle cells by mRNA tagging (Figure S1). a.a., amino acids.
(B–D) Coiled-coil probability (bold lines) and disorder tendency (thin lines) predicted for Tm1-A (B), Tm1-L (C), and Tm1-I/C (D).
(E–G) Tm1 expression (green) in egg chambers of the indicated stages (st.) was assessedwith antibodies against Tm1-L (Tm1 Nterm) (E), Tm1-A and Tm1-L (Tm1
Cterm) (F), or all isoforms (Tm1pan) (G).
(H) Distribution of mCherry-tagged-Tm1-I/C expressed from the endogenous locus. Insets show high magnification of germaria. F-actin was stained with Alexa
568-phalloidin (red) or Alexa 488-phalloidin (green) and DNA with DAPI (blue).
(I and J) Tm1-I/C expression in germplasmat the posterior of the oocyte (arrowheads) was stainedwith Tm1pan antibody (green) (I) andmCherry-Tm1-I/C (red) (J).
(K and L) Absence of germ plasm staining with Nterm (K) and Cterm (L) antibodies.
Scale bar, 50 mm.most of which are predicted, as expected for Tms, to form coiled
coils from end to end (Figures 1B and 1C). However, one set of
isoforms possesses unusual N- and C-terminal intrinsically
disordered domains (Figure 1D). Expression of only one Tm iso-
form has previously been documented in vivo (Hanke et al.,
1987). Recently three isoforms were studied in S2 cells (Goinsand Mullins, 2015; Hsiao et al., 2015); however, most remained
uncharacterized, and it was unclear whether the atypical iso-
forms were expressed or required.
Using RT-PCR to profile Tm mRNAs in the ovary, many iso-
forms were detected in total ovary mRNA, whereas only four
were found in follicle cell mRNA. The atypical isoforms Tm1-ICell Reports 16, 928–938, July 26, 2016 929
and Tm1-C, which encode the same 441-amino acid protein
(Figure S1B), were present in both whole ovary and follicle cell
mRNA, as were the canonical isoforms Tm1-A and Tm1-L
(Figure S1C).
To characterize Tm1 developmental expression and subcellu-
lar localization, we generated antibodies against full-length Tm1-
I/C and Tm1-A proteins and characterized an antibody that turns
out to recognize an N-terminal epitope in Tm1-L (Figure S1D).
Tm1-Lwas present in all somatic follicle cells but not in the germ-
line (Figure 1E). An antibody that recognizes a C-terminal epitope
common to the canonical isoforms Tm1-A and Tm1-L (Fig-
ure S1C) stained follicle cells (Figure 1F) and the germline stem
cell niche (cap cells) (Figure 1F, inset). An antibody that recog-
nizes all Tm1 isoforms (Tm1pan; Figure S1D) showed both germ-
line and somatic staining (Figure 1G). Because the pan-Tm1
antibody labeled the germline but antibodies that recognize the
canonical isoforms did not, the atypical Tm1-I/C protein must
be the only one expressed there.
To localize Tm1-I/C specifically, we used a transgenic line in
which mCherry was fused in-frame to the N terminus of endog-
enous Tm1-I/C (a gift fromA. Ephrussi). The tagged protein local-
ized throughout the cytoplasm of germline and somatic cells,
including border cells and polar cells (Figure 1H). Tm1-I/C accu-
mulates at the posterior pole of the oocyte (Figures 1I and 1J),
where Tm1 is known to promote oskar mRNA localization and
pole plasm assembly (Erde´lyi et al., 1995), although the specific
isoform required was unclear. In contrast, the canonical isoforms
were not present in germ plasm (Figures 1K and 1L).
Expression and Function of Tm1 Isoforms in Migratory
Border Cells
Border cells are follicle cells that migrate collectively as a group
of four to six motile cells that surround two non-motile cells
called polar cells (Montell et al., 2012). Tm1 is required for their
motility (Kim et al., 2011); however, it was unclear which iso-
forms were expressed or required. All three antibodies labeled
migrating border cell clusters (Figures 2A–2C). Tm1-L co-local-
ized with F-actin (Figures 2D–2D’’) whereas mCherry-Tm1-I/C
did not (Figures 2E–2E’’). Anti-Tm1-L did not stain polar cells
(Figure 2A) whereas the other antibodies did (Figures 2B and
2C). The mCherry-Tm1-I/C fusion protein was also present in
polar cell cytoplasm (Figures 2E). The non-canonical Tm1-I/C
protein did not co-localize with F-actin (Figures 2E–2E’’) or the
canonical isoforms (Figures 2F–2F’’).
To probe the functions of the individual isoforms, we generated
two null alleles and used isoform-specific RNAi and rescue. Ho-
mozygous null mutant clones lacked staining for all three anti-
bodies (Figures2G–2I). Thenull allele causedbordercellmigration
defects in 80%of fullymutant clusters (Figures 2J–2L). To test the
requirement for the individual isoforms, we carried out isoform-
specific RNAi and rescue. When expressed in border cells with
slbo-Gal4, UAS-Tm1-I/C RNAi caused a migration defect nearly
as strong as the nullmutation (Figure 2L). Knockdownof either ca-
nonical isoform or both together did not cause a defect even
though the RNAi was effective (Figures S2A–S2B’’). A transgene
that re-expressed Tm1-I/C in null mutant border cells provided
significant rescue of the null allele whereas Tm1-A did not (Fig-
ure 2L). Furthermore, co-expressing Tm1-I/C together with a930 Cell Reports 16, 928–938, July 26, 2016canonical isoform provided similar rescue as Tm1-I/C alone
(Figure 2L). Therefore, the unusual isoform I/C is required, and
the canonical isoforms are dispensable for border cell migration.
Atypical Tm1-I/C Forms 13-16 nm Filaments In Vitro
Adefining feature of Tms is that they are coiled-coil proteins from
end to end. By contrast, the Tm1-I/C isoform has a structure
composed of an 100-amino acid coiled coil flanked by N-
and C-terminal intrinsically disordered, low-complexity domains
(Figure 1D). This architecture is more reminiscent of IFs such as
neurofilaments (NFs), which contain central coiled-coil domains
flanked by intrinsically disordered, low-complexity sequences
(Deek et al., 2013; Guharoy et al., 2013). To test whether Tm1-
I/C forms filaments, we expressed full length Tm1-I/C as well
as N- or C-terminally truncated forms (Figure S3A). Strikingly,
full-length Tm1-I/C formed filaments when dialyzed against the
buffer reported for NF formation (Heins et al., 1993; Figures
3A–3C). The filaments were 13-16 nm in diameter, intermediate
between F-actin (6-8 nm) and microtubules (25 nm), and slightly
larger than IFs (8-12 nm). The filaments were shorter and curlier
than many IFs; however, NFs produce short curly filaments like
the Tm1-I/C filaments under some conditions (Heins et al.,
1993). Deletion of the N-terminal domain had little effect
(Figure 3D), whereas deletion of the C terminus prevented fila-
ment formation (Figure 3E), indicating that the C-terminal low-
complexity domain is crucial for Tm1-I/C filament formation.
The C-Terminal Low-Complexity Domain Polymerizes to
Form Fibers and Hydrogels
We then purified theN- andC-terminal Tm1-I/C domains fused to
either GFP or mCherry (Figure 3F; Figure S3B) and tested their
ability to polymerize on their own. The C-terminal domain, but
none of the three N-terminal fragments tested, polymerized into
fibers (Figure 3F). When concentrated, these fibers formed hy-
drogels (Figure S3C), as do some RNA binding proteins (Han
et al., 2012; Kato et al., 2012) and IFs (Deek et al., 2013). Prion-
like proteins, such as yeast Sup35, form insoluble amyloid-like fi-
bers that cannot dissociate even in SDS (Figure S3D). In contrast,
Tm1-I/C C-terminal domain fibers were soluble (Figure S3E). The
fibers formed by the Tm1-I/C tail, like those formed by RNA bind-
ing proteins such as Fused in Sarcoma (FUS), showed the typical
X-raydiffractionpatternof across-b structure (FigureS3F). These
data suggest that the Tm1-I/C tail makes dynamic fibers that
could facilitate polymerization of the full-length protein.
Tm1-I/C Filaments In Vivo
To look for Tm1-I/C filaments in vivo, we assessed a variety
of buffer and fixation conditions. When fixed at pH 6.8, the
mCherry-Tm1-I/C fusion protein appeared filamentous in germ
cells (Figures 3G–3J’’). These filaments did not co-localize with
F-actin (Figures 3G–3G’’ and 3I) but aligned with microtubules
(Figures 3H–3H’’ and 3J–3J’’). In follicle cells, mCherry-Tm1-I/C
was also cytoplasmic but less obviously filamentous.
Canonical Drosophila Tms Recruit Myosin to F-actin to
Form Stress Fibers
In epithelial follicle cells, the canonical Tms co-localized with
cortical F-actin and in basal stress fibers (Figures 4A–4A’’ and
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Figure 2. Isoform Expression and Requirements in Border Cells
(A–C) Border cell expression of Tm1-L (A), Tm1-A and Tm1-L (B), and all Tm1 (C) isoforms.
(D–D’’) Tm1-L colocalization with F-actin (red).
(E–F’’) mCherry-Tm1-I/C protein does not colocalize with F-actin (E–E’’) or the canonical isoform (F–F’’).
(G–I) Mosaic border cell clusters composed of homozygous mutant Tm1-null cells (GFP+, green) and heterozygous cells (GFP) stained with Tm1-L (Nterm, red)
(G), Tm1-A and Tm1-L (Cterm, red) (H), and Tm1pan (red) (I) antibodies.
(J) Complete border cell migration to the oocyte (arrow) in a wild-type stage 10 egg chamber with control clones expressing nuclear GFP (green, arrowhead).
(K) Incomplete migration of homozygous Tm1-null mutant border cells (green, arrowhead).
(L) Quantification of border cell migration defects for the indicated genotypes.
Error bars represent SD. Scale bars, 10 mm (A and G) and 50 mm (J). See also Figure S2.S4), whereas themCherry-tagged Tm1-I/C fusion protein did not
co-localize with F-actin (Figures 4B–4B’’) or with the canonical
Tms (Figures 4C–4C’’).
Many mammalian Tms recruit myosin to F-actin to form con-
tractile stress fibers (Barua et al., 2014; Tojkander et al., 2011).
To test the functions of Tm1s in stress fibers, we made null
mutant clones in the epithelium, which eliminated labeling with
all three antibodies (Figures 4D–4F). Phalloidin labeling of F-actin
stress fibers was significantly reduced in clones of homozygous
null cells compared with neighboring wild-type (WT) cells (Fig-
ures 4G–4G’’ and 4I), whereas control clones had no effect (Fig-
ure S4). RNAi knockdown of either A or L alone did not affectstress fibers detectably (Figure S4), but simultaneous knock-
down of both caused a phenotype similar to the null mutant (Fig-
ures 4H–4H’’ and 4I). Therefore, Tm1-A and Tm1-L function
redundantly to promote basal stress fiber formation.
One function of stress fibers in the follicular epithelium is
to serve as a substrate for pulsatile myosin contractions (He
et al., 2010; Koride et al., 2014). Myosin accumulation on stress
fibers was reduced in Tm1-null clones (Figures 4J–4J’’ and 4L)
and following simultaneous knockdown of Tm1-A and Tm1-L
by RNAi (Figures 4K–4K’’ and 4L). The myosin contractions
constrain the growth of the egg chamber to the two poles and
thus elongate egg chambers and the eggs they form (He et al.,Cell Reports 16, 928–938, July 26, 2016 931
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Figure 3. In Vitro Filament Formation of
Atypical Tm1-I/C
(A–F) Electron micrographs of fibers formed by
Tm1-I/C. Shown are three different magnifications
of filaments formed by the full-length protein (A–C),
the headless protein (D), the tailless protein (E), or
the Tm1-I/C C terminus fused to GFP (F).
(G–J’’) Confocal images of mCherry-Tm1-I/C
filaments.
(G–G’’) The mCherry-Tm1-I/C (red) filament
network in stage 7 egg chambers does not overlap
with F-actin (green).
(H–H’’) The mCherry-Tm1-I/C (red) filament
network co-localizes with tubulin in the germline.
(I) Highmagnification of themCherry-Tm1-I/C (red)
filament network and F-actin (green) in germ cells.
(J–J’’) High magnification of the mCherry-Tm1-I/C
(red) filament network and tubulin (green) in germ
cells.
Scale bars, 50 mm (G) and 5 mm (I). See also
Figure S3.2010; Horne-Badovinac and Bilder, 2005). We found that 30%–
40% of eggs laid by females bearing Tm1-null clones or clones
expressing A and L RNAi were round (Figure S5). Therefore,
the canonical isoforms A and L function redundantly and serve
typical Tm roles in the assembly and function of contractile acto-
myosin stress fibers in the follicle cell epithelium.
Non-canonical Tm1 Organizes the Cytoplasm of Germ
Cells and Follicle Cells
To determine whether Tm1-I/C is required in epithelial follicle
cells, we knocked it down by RNAi. No defect in overall apical/
basal polarity was observed. Surprisingly, although the protein
is not present in stress fibers, Tm1-I/C RNAi caused as strong
a reduction in stress fiber intensity (Figures 4I and 5A–5A’’) and932 Cell Reports 16, 928–938, July 26, 2016myosin accumulation (Figures 4L and
5B–5B’’) as the null or the double knock-
down of A and L. Mosaic females also
produced round eggs (Figure S5). No
individual Tm1 isoform was sufficient to
rescue the Tm1 null phenotype (Figure 4I);
however, co-expression of isoforms I/C
and A together did rescue it (Figures 4I
and 5C–5C’’). Thus, epithelial follicle cells
require cytoplasmic Tm1-I/C in combina-
tionwith at least one canonical isoform for
basal stress fibers to develop.
One hypothesis is that cytoplasmic
Tm1-I/C is necessary to localize canoni-
cal Tms to the appropriate part of the
cell where stress fibers form, as has
been described for vimentin (Jiu et al.,
2015). To test the effect of Tm1-I/C on
the subcellular localization of Tm1-A, we
expressed them in S2 cells. When ex-
pressed individually, Tm1-A or Tm1-I/C
each localized throughout the cytoplasm
(Figures 5D–5D’’). However, co-expres-sion of both isoforms caused a relocalization of Tm1-A to the
cell periphery (Figures 5E–5E’’). Thus, cytosolic Tm1-I can alter
the subcellular localization of Tm1-A.
DISCUSSION
Despite the prevalence of IFs inmetazoans, they are lacking from
the largest phylum, the arthropods, with one known exception
(Mencarelli et al., 2011). It has been suggested that some of
the mechanical support provided by IFs, such as protection
from skin blistering by epidermal keratins, might be unnecessary
in animals with an exoskeleton, whereas other IF functions might
have been subsumed by distinct proteins (Herrmann and
Strelkov, 2011). The nature of the proteins that might form
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Figure 4. Isoform Expression and Requirements for Stress Fiber Formation
(A–A’’) Canonical Tm1 localization in stress fibers near the basal surfaces of the follicle cells. See also Figure S4.
(B–C’’) mCherry-Tm1-I/C expression does not colocalize with F-actin (B–B’’) or with the canonical isoforms A and L (C–C’’).
(D–F) Tm1-null epithelial follicle cell clones (green) stained with Tm1-L (Nterm) (D), Tm1-A and Tm1-L (Cterm) (E), and Tm1pan antibodies (F).
(G–G’’) Reduced phalloidin staining of stress fibers in Tm1-null epithelial follicle cells.
(H–H’’) Reduced stress fiber phalloidin staining following double knockdown of the Tm1-A and Tm1-L isoforms by RNAi.
(I) Quantification of stress fiber phalloidin staining. Error bars show SD.
(J–J’’) Tm1-null epithelial follicle cells show reduced myosin recruitment to stress fibers, detected by sqh-mCherry level.
(K–K’’) Reduced myosin accumulation in Tm1-A and Tm1-L double RNAi knockdown cells.
(L) Quantification of myosin accumulation.
Scale bars, 10 mm.
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Figure 5. Atypical Tm1-I/C Is Required for Stress Fibers and Local-
ization of Tm1-A
(A–B’’) Tm1-I/C RNAi results in reduced stress fiber phalloidin staining (A–A’’)
and myosin accumulation (B–B’’).
(C–C’’) Rescue of phalloidin staining in Tm1 null follicle cells by re-expression
of Tm1-I/C and Tm1-A.
(D–D’’) Tm1-A and Tm1-I/C localize to the cytoplasm of S2 cells when
expressed individually.
(E–E’’) Co-expression of Tm1-A and Tm1-I/C results in relocalization of Tm1-A
to the periphery of the S2 cell.
Scale bars, 10 mm. See also Figure S5.cytoplasmic filaments and perform IF-like functions, however,
has been mysterious. In retrospect, evolution of a filament-form-
ing protein with IF-like properties from a coiled-coil, cytoplasmic,
cytoskeletal protein like Tm seems reasonable.
Keratin IFs, Tms, and myosins were the earliest recognized
alpha-helical, coiled-coil proteins (Herrmann and Strelkov,
2011). IFs and Tms have some intriguing similarities and some
clear differences. In contrast to actin and tubulin, which
must bind nucleotide triphosphates to polymerize, Tms and IFs
polymerize without this energy source. Tms are end-to-end934 Cell Reports 16, 928–938, July 26, 2016coiled-coil proteins that polymerize from head to tail in a highly
cooperative manner with actin filaments and influence myosin
recruitment and activity. IFs, like Tms, form parallel coiled-
coil dimers and polymerize into filaments. Unlike Tms, which
require N-terminal acetylation to polymerize, IFs possess low-
complexity head and tail domains of highly variable size and
sequence at their N- and C-termini that mediate polymerization.
Unlike Tms, IF protofibrils assemble into 8- to 12-nm fibers that
can further form higher-order liquid crystals and hydrogels.
Overall, IFs have arguably more in common with Tms than with
actin and tubulin.
Canonical Structures, Localizations, and Redundant
Functions of Tm1-A and Tm1-L
Tm1-A and Tm1-L exhibit the expected end-to-end coiled-coil
structure. In addition, they co-localize with F-actin within follicle
cells, both at the cortex and in basal stress fibers, making it likely
that they bind F-actin directly. Consistent with that idea, Tm1-A
and Tm1-L function canonically in these cells to promote myosin
recruitment and stress fiber assembly and function. Given their
extensively overlapping sequences, their redundancy is not
surprising.
There were, however, two unexpected findings. First, because
of the dependence of border cell migration on the F-actin cyto-
skeleton, we anticipated that canonical Tm would be required,
yet both Tm1-A and Tm1-L proved to be dispensable. There
is a second Tm gene, so it is possible that a canonical Tm
expressed from Tm2 is necessary for border cell migration. Alter-
natively, it may be that Tms are more important for stabilizing
actomyosin assemblies and that the dynamics required for
border cell migration do not require canonical Tms. A functional
analysis of Tm2 will be required to distinguish between these
possibilities. In contrast to Tm1-A and Tm1-L, we detected no
co-localization of Tm1-I/C with F-actin or with the canonical iso-
forms. The highly divergent structure and localization of Tm1-I/C
calls into question its identity as a Tm.
Similarities between Tm1-I/C and IFs
Tm1-I/C resemblesan IF in that it assembles intofilaments that are
intermediate in diameter between F-actin andmicrotubules in the
absence of cofactors. Tm1-I/C, like cytoplasmic IFs, is present
throughout the cytoplasm and does not co-localize with F-actin.
In germ cells, mCherry-Tm1-I/C filaments are evident that closely
associate with microtubules, similar to vimentin and NFs (Huber
et al., 2015; Liao and Gundersen, 1998; Yuan et al., 2012).
Tm1-I/C contains a central coiled coil flanked by N- and C-ter-
minal low-complexity sequences, the shorter one of which is
essential for filament formation. The 60-amino acid C terminus
of Tm1-I/C may serve a function similar to the typical N-terminal
‘‘head’’ domain of IFs. These domains are shorter than the IF
C-terminal tails andmediate end-to-end associations into proto-
fibrils. The long N terminus of Tm1-I/C is perhaps analogous,
although not homologous, to the C-terminal tails of IFs. It is a
260-residue, intrinsically disordered, low-complexity domain en-
riched in serine (16%). Although Tm1-I/C shares a single exon
with the canonical Tm isoforms, Tm1-I/C has a domain architec-
ture, filament-forming ability, and subcellular localization more
typical of an IF than a Tm.
Differences between Tm1-I/C and IFs
Tm1-I/C nevertheless lacks some of the conserved features of
the IF protein family as currently defined. Although the primary
amino acid sequences of IFs are not highly conserved, there
are common structural features. All IF proteins have an 300-
amino acid rod domain that is interrupted by flexible linkers
that divide it into three separate coiled coils. In addition, although
the sequences are highly variable, there are a few consensus
motifs (Herrmann and Strelkov, 2011). In contrast, Tm1-I/C con-
tains a single unbroken coiled-coil domain of 100 amino acids
and lacks the consensus motifs.
The fibers formed by the Tm1-I/C C-terminal domain alone
possess a cross-b structure that is somewhat similar to b amy-
loid (Kato et al., 2012), although pathogenic fibers are locked in
an irreversible state. Although this property initially seemed
like a difference between Tm1-I/C and IFs, recent work demon-
strates that the head domains of IFs also form cross-b filaments
(Y. Lin, E. Mori, M. Kato, S. Xiant, L. Wu, I. Kwon, and S.L.
McKnight, unpublished data). This feature is thus an additional
similarity between the IF head and the Tm1-I/C tail.
Relationship between the In Vivo Functions of Tm1-I/C
and IFs
Tm1-I/C promotes collective border cell migration, whereas the
canonical Tms are dispensable. Although canonical Tms have
been extensively implicated in cell migration, this has been true
primarily for individual cells migrating on 2D substrates coated
with extracellular matrix (ECM) proteins in vitro and thus contain-
ing obvious stress fibers. In contrast, border cells migrate collec-
tively, in between other cells, and in a compliant 3D environment
without obvious stress fibers. IFs promote cell migration in a
variety of contexts (Chung et al., 2013), and, intriguingly, the in-
termediate filament K14 was recently established as a critical
factor in collective breast cancer migration in three dimensions
(Cheung et al., 2013).
Tm1-I/C is also required in vivo for proper epithelial follicle
cell cytoarchitecture, specifically establishment of basal F-actin
stress fibers. Although most studies of the eukaryotic cytoskel-
eton treat the three filamentous networks as independent en-
tities, crosstalk among them clearly occurs and is under active
investigation (Chang and Goldman, 2004; Huber et al., 2015).
Specifically, multiple studies show interactions of vimentin with
focal adhesions and stress fibers. For example, association of vi-
mentin with focal adhesions stabilizes them (Burgstaller et al.,
2010). Mutual dependence of vimentin and nestin IFs and F-actin
stress fibers also occurs in osteosarcoma cells (Jiu et al., 2015).
A further function of Tm1 is to localize oskarmRNA to the pos-
terior oocyte pole, which is essential for germ plasm formation.
Intrinsically disordered domains are common in RNA and DNA
binding proteins. The precise role of Tm1-I/C in oskar mRNA
localization and germ plasm assembly is not known; however,
IFs have long been implicated in asymmetrically localizing Vg1
mRNA in Xenopus oocytes (Pondel and King, 1988). The obser-
vation that Tm1-I/C is required in multiple cell types for disparate
functions raises the possibility that it is a multifunctional protein.
Differences in post-translational modifications and binding part-
ners may result in distinct structures and functions in germline
versus somatic cells. The structural flexibility of intrinsicallydisordered protein domains might enable distinct functions
in different cell types. Alternatively, Tm1-I/C may function to
localize mRNAs and thus support functional polarization of
migrating border cells, epithelial follicle cells, and the oocyte.
The results presented here suggest that the Tm1 locus pro-
duces both canonical Tms such as Tm1-A and Tm1-L as well as
an atypical protein, Tm1-I/C, that can polymerize and form a cyto-
plasmic filament network. Tm1-I/C possesses some properties in
common with IFs. This could be an example of convergent evolu-
tion of proteins that can form filaments by combining coiled-coil
and low-complexity, filament-forming modules. Perhaps the
Tm1-I/C protein allows flies to survive in the absence of traditional
cytoplasmic IF proteins. An alternative that is not mutually exclu-
sive is that Tm1-I/C modulates the interaction between microtu-
bules and microtubule motors, analogous to the relationship be-
tween canonical Tms and myosin. Tm1-I/C is widely expressed
and thus may be the sole cytoskeletal, filament-forming protein
other than actin and tubulin in Drosophila; however, it is also
possible that there are other, still unrecognized proteins that
form filaments. Tm1-I/C provides a searchmotif for such proteins
in arthropods. The combination of one or more coiled-coil do-
mains flanked by low-complexity domains of intrinsic structural
disorder may predict filament-forming potential.
EXPERIMENTAL PROCEDURES
Clonal Analyses
Tm1null alleles generated by homologous recombination and CRISPR as
described in the Supplemental Experimental Procedures were recombined
with FRT82B (BL# 2050). Hsp70-FLP,tub-Gal4,UAS-GFP-nls; FRT82B, tub-
Gal80 flies were crossed with FRT82B, Tm1null/TM3 to generate GFP-positive
homozygous mutant clones. Heat shock was performed either using third-
instar larvae to generate large clones or 2- to 3-day-old female adults. When
larvae were used, the vials were kept at 25C until the adult flies eclosed.
Then they were transferred to a new vial with yeast paste and kept at 29C
overnight before dissection. Larvae were heat-shocked by incubation at
37C for 2 hr. Adults were treated with either three heat shocks per day for
2 days or two heat shocks per day for 3 days at 37C. The heat-shocked flies
were kept at 25C and dissected 57 days after the first heat shock. For RNAi
knockdown in the border cell cluster, slbo-Gal4 or C306-Gal4 drivers were
used. To generate clusters composed of both mutant and wild-type cells,
hsp70-FLP; Ay17bGal4, UAS-moesin-GFP was used to generate Flp-out
clones in epithelial follicle cells or border cells. Heat shock was performed
with 2-day old adult females twice a day for 2 days, and the flies were kept
at 29C until dissection 23 days later. mCherry-tagged sqh protein under
control of the endogenous sqh promoter (sqh::sqh-mcherry, BL#59024) was
recombinedwith the RNAi lines and the Tm1null line to detect myosin accumu-
lation in epithelial follicle cells.
mRNA Tagging Method to Isolate Follicle Cell-Specific mRNA
The mRNA tagging method was adapted from Yang et al. (2005). P[UAS-
hPABP-FLAG] (BL#9419) was crossed to Slbo-Gal4/CyO or c306-Gal4 to drive
FLAG-tagged poly-A binding protein expression in subsets of follicle cells. 400
ovaries were dissected and fixed with 1 ml of PBS containing 1% formalde-
hyde and 0.5% NP-40 for 30 min at 4C. After fixation, 140 ml of 2 M glycine
was added for 5 min. The ovaries were washed three times with 13 PBS
and then in 0.8 ml of homogenization buffer (HB; 150mMNaCl, 50 mMHEPES
buffer [pH 7.6], 1 mM EGTA, 15 mM EDTA, and 10% glycerol). Immediately
before homogenization, 50 U/ml SUPERase-In (Ambion), was added, and
1 tablet of protease inhibitor cocktail (Roche) was added per 10 ml of HB.
The ovaries were sonicated for 1 min using 30% intensity (Fisher sonic dis-
membrator, model 500). The supernatant was collected after centrifuging for
10 min at 13,000 3 g and added to 100 ml of anti-FLAG-M2 affinity agaroseCell Reports 16, 928–938, July 26, 2016 935
beads (Sigma-Aldrich) equilibrated with HB. The supernatant and bead mix
were gentle rotated at 4C for 2 hr. The beads were washedwith HB four times,
and the mRNA was eluted by incubating the beads with elute buffer (50 mM
Tris-HCl [pH 7.0], 10 mM EDTA, 1.3% SDS, and 50 U/ml SUPERase-IN) at
65C for 30 min. mRNA from the eluate was isolated using the Trizol protocol
(Ambion). The isolated mRNA was reverse-transcribed to cDNA using Super-
script III following the manufacturer’s protocol (Invitrogen).
Immunohistochemistry and Imaging
Ovaries were dissected in Schneider’s medium (Gibco) with 10% fetal bovine
serum (FBS) (Sigma) and fixed for 15min in 4%paraformaldehyde (Prasad and
Montell, 2007). After three 15-min washes with PBT (13 PBS and 0.1% Triton
X-100), egg chambers were blocked with PBT block (13 PBT and 5% goat
serum) for 2 hr at room temperature (RT) or overnight at 4C. Primary anti-
bodies were incubated overnight at 4C, followed by secondary antibody incu-
bation at room temperature for 1 hr. Primary antibodies were used at the
following dilutions: anti-Tm1Nterm antibody (1:5,000, mac141, Abcam), anti-
Tm1Cterm (1:1,000), and anti-Tm1pan (1:1,000). Alexa Fluor-conjugated
goat anti-rabbit or anti-rat immunoglobulin G (IgG) antibodies were used
as secondary antibodies (Molecular Probes). Alexa phalloidins, 488 or 568
(1:200), were used to stain the actin filaments. DAPI (1:10,000) was used to
mark nuclei. After three 15-min washes, the samples were mounted with Vec-
tashield (Vector Laboratories). A Zeiss 780 confocal microscope was used for
imaging.
To preserve and image mCherry-Tm1-I/C filaments, egg chambers were
first incubated in 80 mM PIPES buffer (pH 6.8) containing 0.1% Triton X-100,
1 mM EGTA, and 1 mM MgCl2 for 30 min to 1 hr. The samples were fixed for
15 min with 4% paraformaldehyde, followed by the same washing and block-
ing procedure as stated above. Rabbit mCherry antibody (Novus Biologicals,
1:1,000) was used to visualize the mCherry-Tm1-I/C filaments. For microtu-
bule staining, the egg chambers were fixed with methanol at 20C for
15 min after the PIPES buffer incubation. The fixed samples were rehydrated
in PBT for 4 hr at RT or 4C, followed by 1-hr block with PBT containing 2%
goat serum. Rabbit fluorescein isothiocyanate (FITC)-a-Tubulin antibody
was used to visualize microtubules in the egg chamber.
S2 Expression of Tropomyosin Isoforms
S2 cellswere plated into 6-well plateswith a coverslip in eachwell. HA-Tm1-I/C
and V5/His-Tm1-A under the UAS promoter along with actin-Gal4 were trans-
fected intoS2cells usingEffectene (QIAGEN). Thecellswere incubated at room
temperature for 48 hr before further processing. Briefly, 4% paraformaldehyde
in PBSwas used for 10min of fixation. After three washes using PBST (13PBS
and 0.1% Triton X-100), the cells were incubated with mouse anti-hemaggluti-
nin (HA) antibody (1:1,000) and rabbit anti-V5 antibody. Secondary antibodies
conjugated with Alexa 568 (mouse) and Alexa 488 (rat) were diluted 1:400.
Vectashield was used to mount coverslips on slides for imaging.
Image Analysis
For quantification of phalloidin staining and myosin accumulation, WT and
mutant cells that were immediately adjacent were selected, and the ratio
(mutant/WT) was calculated using ImageJ. At least four independent experi-
ments were analyzed for each genotype. Graphs were generated with Graph-
Pad Prism using mean ± SD. Statistical tests were done using unpaired t test.
Recombinant Protein Expression and Purification
DNA fragments encoding the N-terminal low complexity (LC) domains (N1, 2–
291; N2, 2–260; N3, 2–214), C-terminal LC domain (C, 373–441), full-length
(FL, 2–441), headless (HL, 204–441), or tailless (TL, 2–373) of Tm1-I/C were
amplified by PCR using a parental plasmid encoding full-length Tm1-I/C as a
template. The DNA fragments of FL, HL, or TL were inserted into the multiple
cloning sites of the pHis-parallel vector (Sheffield et al., 1999), and the
fragments of all LC domains were sub-cloned into the pHis-parallel-GFP or
pHis-parallel-mCherry plasmid (Kato et al., 2012). The resulting vectors were
confirmed by DNA sequencing. All proteins were overexpressed in E. coli
BL21(DE3) cells with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG)
at 20C overnight. Harvested cells for the GFP or mCherry fusion proteins
were lysed with 0.4 mg/ml lysozme in lysis buffer containing 50 mM Tris-HCl936 Cell Reports 16, 928–938, July 26, 2016(pH 7.5), 500 mM NaCl, 20 mM b-mercaptethanol (BME), 1% Triton X-100,
and protein inhibitor cocktail (Sigma-Aldrich) for 30 min on ice and then soni-
cated. The cell lysates were centrifuged at 35,000 rpm for 1 hr. The superna-
tants were mixed with Ni-NTA resin (QIAGEN) for 30 min at 4C. The Ni-NTA
resin was packed in a glass column and washed with a buffer containing
20 mM Tris-HCl (pH 7.5), 500 mM NaCl, 20 mM imidazole, 20 mM BME, and
0.1 mM PMSF. The bound proteins were eluted from the resin with a buffer
containing 20 mM Tris HCl (pH 7.5), 500 mM NaCl, 250 mM imidazole,
20 mM BME, and 0.1 mM PMSF. EDTA was added to the elutions at a final
concentration of 0.5mM.Ureawas further added to themCherry fusion protein
at a final concentration of 2 M. The purified proteins were concentrated with
Amicon Ultra centrifugal filters (Millipore). Glycerol was added to the GFP
fusion proteins at a final concentration of 50%. The protein solutions were
kept at 20C. The mCherry fusion protein was kept at 80C. The FL, HL,
and TL proteins were purified in the same way as mentioned above except
that all buffers contained 2 M guanidine hydrochloride. The purities of the
purified proteins were checked by SDS-PAGE (Figure S3), and the concentra-
tions were determined by absorbance at UV280.
Formation of Cross-b Fibers and a Hydrogel of Tm1-I/C LC Domains
The purified GFP-fused LC domains (N1, N2, N3, and C) were dialyzed against
a gelation buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 20 mM
BME, 0.5 mM EDTA, and 0.1 mM PMSF overnight. The protein solutions
were concentrated to 100 mg/ml and then incubated at 4C for a couple of
days. To inspect fiber formation, the protein solution was directly deposited
on a surface of a transmission electron microscopy (TEM) grid (CF-400-Cu,
Electron Microscopy Sciences). The surface of the grid was washed three
times with 10 ml of distilled water to remove excess hydrogel material. The
grid was subsequently stained for a few seconds with a 5-ml drop of 2% uranyl
acetate. After the uranyl solution was blotted, the grid was dried in air. TEM
images were obtained with a JEOL 1200EX electron microscope at 120 kV.
The fiber solution of the GFP-Tm1-I/C C-terminal LC domain prepared as
above was diluted 100-fold with the gelation buffer and sonicated to make
short fiber seeds. The mCherry-Tm1-I/C C-terminal LC domain was dialyzed
against the gelation buffer overnight. The protein solution was centrifuged to
remove precipitates. To the supernatant, the GFP seeds prepared above
were added at a ratio of 1/1,000. This protein solution was concentrated to a
final protein concentration of over 200 mg/ml and then filled into 2-cm silicon
tubes (3.6-mm diameter), followed by sealing the tube ends with parafilm. The
tubes were incubated at 4C overnight. The formed hydrogel was carefully
squeezed out from the tubes for photography.
SDD-AGE and X-Ray Diffraction of Cross-b Fibers of the Tm1-I/C
C-Terminal LC Domain
The stability of cross-b fibers of the Tm1-I/C C-terminal low-complexity
domain was examined by semi-denaturing detergent agarose gel electropho-
resis (SDD-AGE). A hydrogel of the mCherry-fused Tm1-I/C C-terminal LC
domain was resuspended in gelation buffer and sonicated briefly to make fi-
bers short. The short fibers were incubated in gelation buffer containing the
indicated concentrations of SDS (0%–2%) at 37C for 20 min. As a control,
amyloid fibers of yeast Sup35NM protein were treated in the same way. The
reaction mixtures were loaded on 1.5% agarose gel to separate fibers and
monomers. The agarose gel was scanned by a fluorescent imager (Typhoon
9200, GEHealthcare) to visualize mCherry-fusion proteins. Subsequently, pro-
teins were transferred to a cellulose membrane from the agarose gel and
analyzed by western blot with a His tag antibody to visualize Sup35NM bands
as described before (Kato et al., 2012). For fiber X-ray diffraction, the hydrogel
was resuspended in milli-Q water and dialyzed overnight in 2 l milli-Q water
twice. The dialyzed sample was lyophilized and then exposed to an X-ray
beam to obtain cross-b diffraction as described before (Kato et al., 2012).
Formation of Intermediate Filaments of Recombinant Proteins
The FL, HL, and TL proteins of Tm1-I/C (1 mg/ml) were denatured in 6 M gua-
nidine hydrochloride and then dialyzed in filament formation buffer containing
50 mM MES (pH 6.25), 170 mM NaCl, and 1 mM DTT at 37C overnight. The
dialyzed proteins were directly deposited on electron microscopy (EM) grids
as described above and then visually inspected by electron microscopy.
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